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Abstract
Chemical oxygen generators are widely used in aircraft, submarines, spacecraft,
and other applications, problems such as combustion instabilities and a risk of fire may
be present. For example, due to malfunction of an oxygen generator, fire occurred
onboard the Mir Space Station in 1997. It is thus important to improve the process
stability and fire safety of chemical oxygen generators. Chemical compositions for
oxygen generators include an oxygen source such as sodium chlorate (NaClO3), a
transition metal oxide as a catalyst, and a metal fuel to provide energy for self-sustaining
combustion. Eliminating or decreasing the metal fuel would decrease the operating
temperatures and improve the fire safety of the generators. To make a well-founded
conclusion on the feasibility of this approach, information on the decomposition and
adiabatic combustion temperatures of NaClO3-based compositions with different
concentrations of catalyst and metal fuel is required. In the present thesis,
thermogravimetric analysis of NaClO3 mixtures with different concentrations of Co3O4
catalyst and metal fuel (iron and tin) is conducted. For the same mixtures,
thermodynamic calculations are carried out. A strong effect of nanoscale Co3O4 powder
on the decomposition temperature of NaClO3 is reported. For each mixture, comparison
of the measured decomposition temperatures and calculated adiabatic combustion
temperatures provides the values of temperature margin available for heat loss in the
oxygen generator. Addressing the feasibility of decreasing the decomposition temperature
of NaClO3 by high-energy mechanical milling of its mixtures with Co3O4 is studied. In
addition, an experimental setup for studies on decomposition/combustion of oxygen-
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generating compositions under conditions close to those in industrial devices has been
designed and tested.
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Chapter 1: Introduction
Chemical compositions for emergency oxygen generators traditionally include an
oxygen source such as sodium chlorate (NaClO3), a transition metal oxide as a catalyst,
and a metal fuel to provide energy for self-sustaining combustion. Previous scholarship
has shown that cobalt oxide (Co3O4) exhibits high catalytic activity while reducing the
temperature of complete NaClO3 decomposition. This temperature, however, remains
relatively high (< 250 C). Although sodium chlorate decomposition is exothermic, the
released heat is usually insufficient to heat the mixture up to the decomposition
temperature and make the process self-sustaining. This problem is overcome by using the
metals that react with a small part of oxygen and generate additional heat. However, local
temperatures generated by the combustion of metal particles are very high (more than
1000 C), and this may lead to unsteady phenomena and even to damage of the generator
casing, especially if large clumps of particles formed during the fabrication of the candle.
Elimination of the metals or, at least, decreasing their loading would improve the
process stability and generator safety. However, without metals, heat losses in generators
such as those used in submarines and aircraft would decrease the combustion
(decomposition) temperature to the values that prevent a self-sustained process. In
generators for spacecraft, special design and use of microgravity could significantly
decrease the heat losses.
To make a well-founded conclusion on the feasibility of decreasing or eliminating
the metal fraction in the generator composition, information on the decomposition of
sodium chlorate based mixtures with different concentrations of metals and catalysts has
to be obtained experimentally. The measured characteristic temperatures can be
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compared with the adiabatic combustion temperatures calculated for the same
compositions.
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Chapter 2: Literature Review
Although   chemical   oxygen   generators   (“oxygen   candles”   or   “self   contained  
oxygen   generators”)   are   widely   used   in   aircraft,   submarines,   spacecraft,   and   numerous
other applications, combustion instabilities and risk of fire still problems remain. The
combustion instabilities may lead to dangerous oscillations of the oxygen flow rate, so
that users may not obtain enough oxygen for breathing [1-3]. Serious fires have occurred
due to malfunction of oxygen generators, including the fire onboard the Mir Space
Station in 1997 and the explosion on HMS Tireless, a nuclear-powered submarine of the
Royal Navy, under the Arctic ice in 2007. It is thus important to improve the process
stability and fire safety of chemical oxygen generators by improving upon chemical
composition and reducing heat losses.
Chemical compositions for oxygen generators usually include an oxygen source
such as sodium chlorate (NaClO3), a transition metal oxide as a catalyst, and a metal fuel
to provide energy for self-sustaining combustion. Transition metal oxides such as cobalt
oxide (Co3O4) and manganese dioxide (MnO2) are usually used as a catalyst to facilitate
decomposition [13]. Previous scholarship has shown that cobalt Co3O4 exhibits high
catalytic activity while reducing the temperature of complete NaClO3 decomposition [4,
5]. With this process, however, the temperature remains relatively high. Although sodium
chlorate decomposition is exothermic, the released heat is usually insufficient to heat the
mixture up to the decomposition temperature and make the process self-sustaining. This
problem is overcome by using the metal fuel (iron or tin), which reacts with a small part
of produced oxygen and generates additional heat. Local temperatures generated by the
combustion of metal particles, however, are high (more than 1000°C), which may lead to
3

unsteady phenomena [1, 2] and even damage the generator casing, especially, if large
clumps of particles formed  during  the  fabrication  of  the  “oxygen  candle”  (Fig.  1).

Fig.  1.  Local  damage  (“burn  through”)  of  the  oxygen  generator  casing.

Eliminating metal fuel or at least decreasing its content would improve the
process stability and generator safety. Without metal fuel, however, heat losses may
decrease the temperature generated by the reaction heat release to the values below the
decomposition temperature of NaClO3, thus preventing self-sustained propagation of the
reaction. Special design is needed to decrease the heat losses, so that the combustion
temperature will remain higher than the decomposition temperature, enabling the selfsustained process. Such design may be especially successful in the generators for
spacecraft, where microgravity may help decrease heat losses [6]. To make a wellfounded conclusion on the feasibility of decreasing/eliminating the metal fraction in the
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generator composition and to design the generator with improved stability and safety,
information on the adiabatic combustion temperatures and decomposition temperatures of
NaClO3-based compositions with different concentrations of catalyst and metal fuel is
required.
NaClO3

NaCl + 3/2 O2

Chlorate decomposition
In the present thesis, we conduct thermogravimetric analysis (TGA) of NaClO3
mixtures with different concentrations of Co3O4 catalyst and metal fuel (iron and tin) and
perform thermodynamic calculations for the same mixtures. The effects of Co3O4 and
NaClO3 particle sizes on the decomposition of NaClO3 are investigated. Comparison of
the measured decomposition temperatures and the adiabatic combustion temperatures,
calculated for the same compositions, provides the values of temperature margins
available for heat loss in the oxygen generator.
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Chapter 3: NaClO3 Decomposition
3.1

Thermogravimetric analysis of NaClO3 decomposition at different
concentrations of Co3O4, Fe, and Sn
For testing various mixtures of sodium chlorate with cobalt oxide catalyst and metal

fuels (iron and tin), the following materials were used:
Sodium chlorate powder, NaClO3,  purity:  ≥  99.0%
Iron  powder,  Fe,  <  10  µm,  purity:  ≥  99.9%
Tin powder, Sn, < 10 µm, purity: 99% metals basis
Cobalt oxide powder, Co3O4,  <  10  µm,  purity:  ≥  99.8%
Cobalt oxide powder, Co3O4, < 50 nm, purity: 99.8% metals basis
All the materials were purchased from Sigma-Aldrich and used as received.
The compositions of the mixtures that were prepared for TGA experiments are shown
in Table 1 (this table also presents the weight losses, discussed in Section 3). The
compositions included binary mixtures of sodium chlorate with Co3O4 (both micron-scale
and nanoscale), Fe, and Sn, as well as triple mixtures of sodium chlorate, Co3O4 (micronscale) and either Fe or Sn. Each of the mixtures was mixed thoroughly for 5 min with an
agate mortar and pestle.

6

Table 1. Compositions of tested mixtures and weight losses in TGA experiments.
Mixture

Composition, wt%

Weight loss, %

Co3O4

Fe

Sn

Measured

Theoretical

NaClO3

0

0

0

48.10

45.09

NaClO3/Co3O4

3

0

0

44.51

43.74

NaClO3/Co3O4

6

0

0

42.37

42.39

NaClO3/Co3O4

9

0

0

42.07

41.03

NaClO3/Fe

0

2.5

0

43.85

42.89

NaClO3/Fe

0

5

0

40.09

40.69

NaClO3/Co3O4/Fe

3

2.5

0

40.86

41.66

NaClO3/Co3O4/Fe

6

2.5

0

40.31

40.31

NaClO3/Co3O4/Fe

9

2.5

0

40.21

38.95

NaClO3/Sn

0

0

2.5

43.90

43.29

NaClO3/Sn

0

0

5

41.67

41.49

NaClO3/Co3O4/Sn

3

0

2.5

42.81

41.94

NaClO3/Co3O4/Sn

6

0

2.5

41.57

40.59

NaClO3/Co3O4/Sn

9

0

2.5

40.01

39.23

The samples (10±2 mg) were placed in platinum pans for TGA experiments (TA
Instruments 2950). The tests were conducted in argon flow at the flow rates of 90
mL/min through the furnace and 10 mL/min through the balance chamber as
recommended by the manufacturer. The heating rate was 10°C/min and the maximum
temperature was 700°C.
Calibration runs were performed using the above parameters and in accordance
with manufacturer recommendations. The calibration standards consisted of 30 mg pieces
of Ni wire supplied by TA Instruments. The wire was heated in the TGA furnace while in
a magnetic field until the Curie point was observed. Observed values and the ones from
the literature (354°C for Ni) were used to determine the appropriate temperature offset. A
subsequent Ni Curie point determination was made to confirm calibration.
7

3.2

Study of the effect of catalyst particle size on the decomposition of NaClO3
To study the effect of catalyst particle size, nanoscale Co3O4 powder (< 50 nm,

purity: 99.8% metals basis) was purchased from Sigma-Aldrich. Table 2 shows the tested
compositions. The TGA experiments were conducted as described in section 3.1.

Table 2. Compositions of mixtures involving nanoscale Co3O4and weight losses.
Mixture

Composition, wt%

Weight loss, %

Co3O4

Fe

Sn

Measured

Theoretical

NaClO3/Co3O4

3

0

0

43.78

43.74

NaClO3/Co3O4

6

0

0

42.41

42.39

NaClO3/Co3O4

9

0

0

41.16

41.03

3.3

Study of the effect of NaClO3 particle size on its catalyzed decomposition
To study the effect of NaClO3 particle size on the catalyzed decomposition of

NaClO3, the binary mixtures of sodium chlorate with nanoscale Co3O4 (3 wt%) were
treated in a planetary ball mill (Fritsch Pulverisette 7 premium line) in air atmosphere.
The 80-ml grinding bowls and 2-mm grinding balls, both made of zirconia, were used. In
each milling process, the sample included 25 g NaClO3 and 3 wt% Co3O4, while the ballto-powder mass ratio was 4:1.
The so-called Easy GTM Fritsch system was used for monitoring the gas pressure
and temperature inside the bowl during the milling process. This system measures the
temperature of the lid. The temperature of the mixture is close to that of the gas and may
be significantly higher than that of the lid. Thus, for more accurate determination of the
mixture temperature, pressure measurements and the ideal gas state equation were used.
8

The maximum pressure was set to 1.5 bar. At the atmospheric pressure of 0.9 bar, typical
in El Paso, and room temperature 25°C, this corresponds to the maximum gas
temperature of 224°C, which is less than the melting point of NaClO3 (248°C) and also
less than the onset temperature of NaClO3 decomposition catalyzed by nanoscale Co3O4
(see Section 3.2). The planetary ball mill automatically stops once it reaches the pressure
limit, thus neither melting nor decomposition of NaClO3 was possible during the milling
process.
The rotation speeds were 550 revolutions per minute (rpm), 800 rpm, and 1100
rpm. The milling periods were interlaced with pauses for cooling. The cycles were as
follows: four 5-min milling periods with 10-min pauses at 550 rpm, three 10-min milling
periods with 60-min pauses at 800 rpm, and two 3-min milling periods with 60-min
pauses at 1100 rpm. The pressure of 1.5 bar was not reached in any of these cycles. In
addition, the milling at 1100 rpm was conducted in a cycle with 11 milling periods with
40-min pauses. In this case, each milling period was terminated in less than 3 min as the
pressure reached 1.5 bar.
Scanning electron microscopy (Hitachi S-4800) was used to compare the initial
and milled mixtures. The TGA experiments were conducted as described in section 3.1.

9

Chapter 4: Thermogravimetric Analysis
4.1

Mixture of NaClO3 with micron-scale Co3O4, Fe, and Sn

4.1.1 Decomposition temperatures of pure NaClO3
Figure 2 shows the thermogram (a graphical record produced by a thermograph,
i.e. thermogravimetric analysis device) for pure NaClO3. The thermal decomposition
starts at temperatures around 500°C and ends around 600°C. The decomposition onset
(To) and final (Tf) temperatures were determined by intersecting tangents on the plot
shown in Fig. 2. This procedure was conducted for each sample studied in the present
work.

Sample: 100% NaClO3
Size: 9.7910 mg
Method: TEMPCAL
Comment: UTEP chlorate samples

File: C:\TA\Data\TGA\Utep1.002
Operator: djm
Run Date: 14-Sep-10 09:00

TGA

120

521.21°C

Weight (%)

100

80

60
583.48°C

40

0

100

200

300

400

500

Temperature  (°C)

Fig. 2. Decomposition of pure NaClO3.
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600

700
Universal V2.5H TA Instruments

4.1.2 Decomposition temperatures of binary NaClO3/Co3O4 mixtures
The thermogram for the binary mixtures of NaClO3 with micron-scale Co3O4 (3
wt%) is shown in Fig. 3. Comparison with the curve for pure NaClO3 shows that the
decomposition temperature decreased significantly. Figure 4 shows the effect of micronscale Co3O4 powder on the onset and final temperatures of decomposition at different
concentrations of the additive. It is seen that while the effect of adding 3 wt% Co3O4 is
strong, further addition of catalyst influences the decomposition temperatures only
slightly.
110
100

Weight (%)

90
80

no additive

70

3% Co3O4

60

2.5% Fe
2.5% Sn

50
40
200

400

600

Temperature (°C)

Fig. 3. Thermograms of pure NaClO3 and binary mixtures of NaClO3 with Co3O4 , Fe,
and Sn.

11

700

Temperature (°C)

600
500
400

Tf

300

To

200

Tf (nano)
To (nano)

100
0
0

2

4

6

8

10

Co3O4 (wt%)

Fig. 4. Onset and final temperatures of decomposition in
binary mixtures of NaClO3 and Co3O4 (micron-scale and
nanoscale) powders.

4.1.3 Decomposition temperatures of binary NaClO3/Fe and NaClO3/Sn mixtures
The thermograms for the binary mixtures of NaClO3 with 2.5 wt% Fe and 2.5
wt% Sn are shown in Fig. 3, while Figures 5 and 6 demonstrate the effect of increasing
concentration of Fe and Sn on the characteristic temperatures of NaClO3 decomposition.
The addition of Fe or Sn significantly decreases the onset temperature of decomposition
(the effect is comparable with the addition of micron-scale Co3O4). The final temperature
of decomposition, however, decreases much less. In the case of Fe, the process has
clearly two stages.

12

700

Temperature (°C)

600
500
400
300

Tf

200

To

100
0
0

1

2

3

4

5

6

Fe (wt%)

Fig. 5. Onset and final temperatures of decomposition in binary mixtures of NaClO3 and
Fe.
700

Temperature (°C)

600
500
400
300

Tf

200

To

100
0
0

1

2

3

4

5

6

Sn (wt%)

Fig. 6. Onset and final temperatures of decomposition in binary mixtures of NaClO3 and
Sn.

The observed two-stage decomposition of NaClO3 with Fe catalyst (see Fig. 5) is
worth discussion. Simultaneous TGA and DTA were conducted for mixtures of NaClO3
13

with different metals including iron (atmosphere: Ar) [7]. Two stages were observed for
Fe-catalyzed decomposition of NaClO3. The two-stage process was illustrated by
oxidation of Fe (by released oxygen), which is significant at temperatures 400-500°C. It
was suggested that Fe oxidation consumes part of the released oxygen, thus masking the
weight drop caused by decomposition. The concentration of Fe in those experiments,
however, was much larger, 20 wt%. In the present tests, oxidation of 2.5 or 5 wt% Fe
cannot explain the observed effect. This indicates that the explanation of the two-stage
process [7] was incorrect and the two stages of NaClO3 decomposition, catalyzed by Fe,
are likely caused by changing the reaction mechanism at temperature around 400°C.
Indeed, the decomposition of NaClO3 may involve formation of sodium perchlorate,
NaClO4, which then decomposes to NaCl and O2 [8].

4.1.4 Decomposition temperatures of triple NaClO3/Co3O4/Fe and
NaClO3/Co3O4/Sn mixtures
Figures 7 shows the thermograms for the triple mixtures of NaClO3 with 3 wt%
micron-scale Co3O4 and 2.5 wt% metal (Fe and Sn). The curves are close to that for
binary NaClO3/ Co3O4 mixture. Figures 8 and 9 demonstrate the effect of Co3O4 on the
onset and final temperatures of decomposition in triple mixtures (2.5 wt% Fe and Sn). It
is seen that the characteristic temperatures for the Co3O4 concentrations of 3 wt%, 6 wt%,
and 9 wt% are close to those in the case of binary NaClO3/Co3O4 mixtures (Fig. 4). This
allows for the conclusion that the added Fe or Sn does not contribute to the catalytic
effect when Co3O4 is present.

14

110
100

Weight (%)

90
80

no additive
3% Co3O4

70

3% Co3O4, 2.5% Fe

60

3% Co3O4, 2.5% Sn

50
40
200

400

600

Temperature (°C)

Fig. 7. Thermograms of pure NaClO3, binary NaClO3 /Co3O4 mixture, and triple NaClO3
/Co3O4 /Fe and NaClO3 /Co3O4 /Sn mixtures.

600

Temperature (°C)

500
400
300
Tf
200

To

100
0
0

2

4

6

8

10

Co3O4 (wt%)

Fig. 8. Onset and final temperatures of decomposition in triple mixtures of NaClO3 with
Fe and Co3O4.
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Temperature (°C)

500
450
400
350
300
250
200
150
100
50
0

Tf
To

0

2

4

6

8

10

Co3O4 (wt%)

Fig. 9. Onset and final temperatures of decomposition in triple mixtures of NaClO3 with
Sn and Co3O4.
4.2

The effect of Co3O4 particle size
Figure 10 shows the thermogram for the binary mixture of NaClO3 with nanoscale

Co3O4 (3 wt%). Comparison with the thermogram for micron-scale Co3O4 shows that the
effect on the decomposition of NaClO3 is much stronger for the nanoscale catalyst.
Figure 11 shows the effect of both Co3O4 powders on the onset and final temperatures of
decomposition at different concentrations of the additive. It is seen that for all
concentrations, the nanoscale Co3O4 decreases the decomposition temperatures more
significantly than the micron-scale powder: the onset temperature decreases by more than
300°C as compared with pure NaClO3. Further, the decomposition interval (the
difference between the final and onset temperatures) for nanoscale Co3O4 is much
narrower as compared with the micron-scale Co3O4. Note that with the nanoscale
catalyst, significant decomposition occurs when NaClO3 is still solid (the melting point is
248°C).
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110
100

Weight (%)
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Fig. 10. Thermograms of pure NaClO3 and binary mixtures of NaClO3 with micron-scale
and nanoscale Co3O4 .

Fig. 11. Onset and final temperatures of decomposition in
binary mixtures of NaClO3 and Co3O4 (micron-scale and
nanoscale) powders.
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These results clearly demonstrate the importance of Co3O4 particle size. The
addition of 3 wt% nanoscale cobalt oxide decreases the onset and final temperature of
NaClO3 decomposition by approximately 300°C vs. about 200°C in the case of micronscale cobalt oxide, shifting the beginning of the process to the region of solid NaClO3.
The observed decrease in the decomposition temperature with decreasing the particle size
of Co3O4 catalyst correlates with the results of prior research [4, 5]. The present results
also show that the addition of more than 3 wt% Co3O4 does not decrease significantly the
decomposition temperatures.

4.3

The effect of NaClO3 particle size
The aforementioned finding that significant part of NaClO3 decomposes in solid

phase when Co3O4 catalyst is nanoscale implies that the decomposition temperature may
be further reduced by improving the contact between the catalyst and NaClO3 particles,
which can be achieved by decreasing the particle size of NaClO3. To investigate the
potential effect of NaClO3 particle size on the temperature of its decomposition,
catalyzed by nanoscale Co3O4, the NaClO3 was milled in the planetary ball mill as
described in Section 2.3. To increase the potential effect, it was milled together with the
nanoscale Co3O4 powder. The idea of milling together was based on the fact that highenergy mechanical milling has been used for the production of nanoscale composite
materials where particles of one component are located inside the particles of the other
component [9]. It was expected that the potential introduction of catalyst particles into
NaClO3 particles would create the best contact between the components, possibly leading
to lower temperatures of NaClO3 decomposition.
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Figure 12 shows SEM images for the unmilled and milled mixtures of NaClO3
with nanoscale Co3O4. It is seen that milling significantly decreased the particle size of
NaClO3 and made the powder more uniform.

(a)

(b)

Fig. 12. SEM images of (a) unmilled and (b) milled (1100 rpm) mixture of NaClO3 and
nano-scale Co3O4.
Figure 13 shows the thermograms for the milled (at 550 rpm, 800 rpm, and 1100
rpm) mixtures of NaClO3 with nanoscale Co3O4 (3 wt%). It is seen that there is no
significant effect of milling on the decomposition. This is apparently associated with the
fact that only part (about one third) of NaClO3 (31 %) was decomposed in solid phase.
After reaching the melting point, the effect of particle size was weakened by the
formation and capillary spreading of liquid NaClO3.

19

110
100

Weight (%)

90
Unmilled

80

500 rpm

70

800 rpm

60

1100 rpm

50

NaClO3 melting

40
200

220

240

260

280

300

Temperature (°C)

Fig. 13. Thermograms of milled and unmilled mixtures of NaClO3 and nanoscale Co3O4 .

4.4

Weight loss during decomposition of the mixtures
Table 1 shows the weight loss after decomposition for each sample. It is

noteworthy that for triple NaClO3/Co3O4/Fe mixtures, after the decomposition and a large
loss of weight, further heating led to a slight increase in weight. This phenomenon was
also observed, though to a lesser extent, for triple NaClO3/Co3O4/Sn mixtures. The
weight increase may be explained by the metal oxidation if we assume that some part of
metal was not oxidized during decomposition of NaClO3 and that traces of oxygen were
present in the system after decomposition. For binary NaClO3/Fe and NaClO3/Sn
mixtures, this effect was not observed because decomposition ended at higher
temperatures and the end of decomposition oxidized all metal. This explanation accords
with the TG-DTA data on the oxidation of Fe and Sn powders in oxygen flow [7].
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4.5

High-energy mechanical milling of NClO3/Co3O4 mixtures
The aforementioned finding that NaClO3 decomposes in solid phase when Co3O4

catalyst is nanoscale implies that the decomposition temperature may be further reduced
by increasing contact between catalyst and NaClO3 particles. High-energy mechanical
milling has been used for the production of nanoscale composite materials where
particles of one component are located inside particles of the other component [9]. The
introduction of catalyst particles into NaClO3 particles would create the best contact
between the components, possibly leading to lower temperatures of decomposition. Thus,
an attempt to use this technique for decreasing the decomposition temperature of NaClO 3
was undertaken.
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Chapter 5: Comparison of Thermogravimetric Analysis with
Thermodynamic Calculations
In order to determine conclusions on the feasibility of self-sustained process for
the studied compositions, the characteristic (onset and final) temperatures of their
decomposition were compared with the adiabatic combustion temperatures, Tad.
Thermodynamic calculations of Tad and combustion product compositions were
conducted using software THERMO (version 4.3), which uses the minimization of Gibbs
free energy and contains a database for approximately 3000 compounds [10]. Note that
the   term   “adiabatic   combustion   temperature”   and   not   “adiabatic   flame   temperature”   is  
used in this paper as there is no flame during decomposition or combustion of the studied
mixtures. This term is used even for the mixtures with no metal fuel although this process
is usually called decomposition and not combustion.
In the calculations, all the compositions contained 1 mol of NaClO3 and pressure
was 1 atm. The accuracy of the product amounts was 0.0001 mol. The calculations have
shown that for most compositions, NaClO3 is fully decomposed to NaCl and O2.
Oxidation of Fe and Sn produce Fe2O3 and SnO2, respectively. In several cases, small
amounts of FeNaO2 and CoFe2O4 were also obtained.
The  values  of  weight  loss  predicted  by  thermodynamic  calculations  (“theoretical”  
weight loss) are shown in Table 1. Note that in the calculations, the products were in
equilibrium, and so the metals were completely oxidized. The observed good agreement
between the measured and predicted weight losses is excellent. It clearly indicates that
decomposition of NaClO3 was complete in all the tests. The fact that in some tests the
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measured weight loss values exceeded the calculated ones is apparently explained by
carrying some amount of solid products away with the evolved oxygen.
Figure 14 shows the comparison of Tad with the decomposition temperatures for
binary NaClO3/Co3O4 mixtures (nanoscale cobalt oxide). The addition of Co3O4 slightly
decreases Tad , which is quite understandable as this additive is a catalyst and not a
reactant. At Co3O4 concentrations of 3 wt% or more, the decomposition occurs at
temperatures that are lower than Tad by approximately 200°C.
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Fig. 14. Comparison of the adiabatic combustion temperature
with the onset and final temperatures of decomposition in
binary mixtures of NaClO3 and Co3O4 (nanoscale).

Figures 15 and 16 show the adiabatic combustion temperatures and the
decomposition temperatures for binary NaClO3/Fe and NaClO3/Sn mixtures, respectively.
The addition of 2.5 wt% Fe or 5 wt% Fe increases Tad by 179 K and 335 K, respectively
whereas the addition of 2.5 wt% Sn or 5wt% Sn increases Tad by 126 K and 240 K
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respectively. About 4 wt% Fe or Sn allows one to achieve the same difference, 200°C,
between Tad and the final temperature of decomposition as for 3 wt% Co3O4 (nanoscale).
In contrast with Co3O4, this effect is achieved through increasing Tad and not through
decreasing decomposition temperatures.
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Fig. 15. Comparison of the adiabatic combustion
temperature with the onset and final temperatures of
decomposition in binary mixtures of NaClO3 and Fe.
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Fig. 16. Comparison of the adiabatic combustion
temperature with the onset and final temperatures of
decomposition in binary mixtures of NaClO3 and Sn.

Simultaneous use of both Co3O4 and Fe allows one to increase the difference
between Tad and the decomposition temperatures. Figure 17 shows that at 2.5 wt% Fe and
3 wt% micron-scale Co3O4, the difference between Tad and the final temperature of
decomposition is 255°C (compare with 84°C in the binary mixture with 3 wt% micronscale Co3O4 and 136°C in the binary mixture with 2.5 wt% Fe). Apparently, at 3 wt%
nanoscale Co3O4 and 5 wt% Fe the difference can be as high as 550°C (800°C minus
250°C).
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Fig. 17. Comparison of the adiabatic combustion temperature with the onset
and final temperatures of decomposition in triple mixtures of NaClO3, Co3O4
(micron-scale) and 2.5 wt% Fe.

Similarly, for tin-containing mixtures, at 2.5 wt% Sn and 3 wt% micron-scale
Co3O4 (Fig. 18) the difference between Tad and the final temperature of decomposition is
178°C (compare with 84°C in the binary mixture with 3 wt% micron-scale Co3O4 and
118°C in the binary mixture with 2.5 wt% Sn).
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Fig. 18. Comparison of the adiabatic combustion temperature with the onset
and final temperatures of decomposition in triple mixtures of NaClO3, Co3O4
(micron-scale) and 2.5 wt% Sn.

In summation, the comparison of experimental results with thermodynamic
calculations indicate that with no metal fuel the maximum difference between Tad and the
decomposition temperature is about 200°C provided a nanoscale Co3O4 is used. This
implies that it is possible to achieve self-sustained propagation of the decomposition
wave with no metal fuel or at least with lower metal content but special design is required
for the minimization of heat losses.
It should be noted that in a practical system, the heating of sodium chlorate would
occur much faster than in the TGA instrument. This may increase the decomposition
temperature and hence decrease the difference between Tad and the decomposition
temperature. The experiments on the propagation of the decomposition/combustion wave
over the large-scale sample may help determine the actual temperature difference.
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Chapter 6: Experimental Setup for Studies on
Decomposition/Combustion of Oxygen-Generating Compositions Under
Conditions Close to Those in Industrial Generators
6.1

Experimental Setup
After comparing the samples of thermogravimetry and thermochemistry

calculations, powders of the same content (97wt%NaClO3 with 3wt%Co3O4) are then
compressed into cylindrical pellets, ~ 2 cm diameter and ~ 6 cm tall. They were pressed
using a punch, a die, and a button (Dayton Progress) by a force of 1.5 metric tons on a
hydraulic press. The experimental set-up allowed monitoring of oxygen flow generated
during combustion (Fig. 19 and Fig. 20).

Fig. 19. Schematic diagram of experimental set-up for oxygen flow
monitoring.

The oxygen generator is assembled as a hermetic stainless steel chamber similar
to that used in industrial practice, along with stainless steel and brass flanges, disks with
holes drilled to accommodate for the ignition wire and the tubing to connect to the flow
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meter. The set-up is enclosed in a rectangular plexiglass casing of 1.2 x 0.6 x 0.6 m and
connected to an exhaust hood to prevent leakage of gases to the lab environment.

Fig. 20. CAD model of canister.

The canister was designed using type 316 stainless steel tubing with a wall
thickness of 0.5 mm. Within the canister, two disks of 0.25 mm. thickness (each) were
inserted, spaced 2.5 cm. apart from each other to hold the sample in place. Both the
tubing and the disks inside, were deliberately used with these small thicknesses in order
to avoid a heat sink and thus avoid heat absorption during the exothermic process of
decomposition of the sample.
The combustion process was initiated by using a high-resistance 80%Ni20%Cr
wire (0.025 cm diameter) heated by electric current (3 Amps). After initiation, the
combustion wave travels from one end of the sample to the other. The produced oxygen
effuses through pores of the condensed products and gap between sample surface and
chamber wall, with this preheating the medium ahead the reaction front. To end, the
product oxygen passes through the cleaning filter (Swagelok stainless steel in-line
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particulate filter, 0.5 micron pore size) and a gas flow meter (FMA 1820, Omega
Engineering) to the ambient atmosphere. Signals of the flow meter and pressure
transmitter are then interpreted in real-time by a multi-channel data acquisition system
(DAQ National Instruments). The measuring rate was 10 samples per second.

Exhaust
Computer
DAQ

Ignition Wire
Power Supply

Flow Meter
Oxygen Generator

Propagation

Fig. 21. Experimental set-up for oxygen flow monitoring.
6.2

Experimental Results
The experiments were conducted with no metal fuel composition. Thus self-

sustained combustion was not expected. The objective of the experiments was to test the
experimental setup and to prepare it for future experiments with combustible mixtures.
The sample pellet of 97 wt%NaClO3 with 3 wt%Co3O4 (nanoscale) (Fig. 22) had a
weight of 46.162 grams (g.) prior exposure to combustion and 34.447 g. afterwards, with
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this, rendering a 25.38% weight reduction after reaction. This reduction is less than that
of the measured weight loss in tested in TGA experiments (43.78%) (see Table 2).
Measurements such as volume and density loss would be ideal to further understand the
behavior of the sample and its properties.

Fig. 22. Sample pellet of 97 wt%NaClO3 with 3 wt%Co3O4 (nanoscale).
As observed in the schematic for the oxygen monitoring set up, two thermocouples
(K-type), one in proximity with the sample and one at the exit of the chamber, and a flow
meter were used. The temperature of the thermocouple closest to the pellet was
significantly higher than that of the thermocouple at the exit, this due to the proximity of
the thermocouple to the NiCr wire and to the sample as well. The thermocouples
tolerance is at 1200 °C, allowing for the same wire to be used in several runs.
Figures 22 and 23 show that the temperature close to the sample was up to 350°C,
this temperature is much higher than the adiabatic flame temperature of the tested
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composition (see Fig.14). Thus the thermocouple reached such a high temperature due to
heat transfer from the NiCr wire.
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Fig. 23. Temperature at the start of the pellet (close to the coil) during
combustion.

As observed, the experiment was run over a lifespan of ~ 8 minutes. The behavior
of the flow rate of oxygen was most desired as an outcome of this experiment.
Unfortunately, there was observed noise and interruption on the flow meter during
experimentation. This can be explained by a sensibility in the flow meter, it was observed
that it needed to be in an upright position at all times. Figure 24 shows a noise free
scenario; meaning that the peaks giving by the data acquisition were neglected in order to
demonstrate the behavior of the oxygen flow rate alone independent of the existing error
in the flow meter.
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Fig. 24. Flow rate of oxygen during experimentation.
At the conclusion of the experiment, the sample (Fig. 25) is shown to partially
decompose. It is evident that not all the pellet is decomposed and that there are traces of
sample in powder form at the exhaust of the flow meter, close to the plexiglass walls.

Fig. 25. Powders after combustion.
33

Chapter 7: Conclusions
In this paper, thermal decomposition of sodium chlorate with added cobalt oxide
catalyst and metal (iron and tin) fuel has been studied using thermogravimetric analysis.
The addition of iron or tin to sodium chlorate decreases significantly the onset
temperature of decomposition. The catalytic effect of Co3O4 is stronger, it decreases
significantly both onset and final temperatures of decomposition. When both Co3O4
catalyst and metal fuel are used, the effect of metal fuel is masked by a greater effect of
cobalt oxide. The most significant decrease in the decomposition temperature is observed
with nanoscale Co3O4 powder: the decomposition occurs at temperatures around the
melting point of sodium chlorate, 248 C. High-energy mechanical milling does not
affect significantly the decomposition of sodium chlorate mixed with nanoscale Co3O4.
Thermodynamic calculations of the adiabatic combustion temperatures for the
tested mixtures have shown that, with no metal fuel, the addition of nano-scale cobalt
oxide allows one to maintain the difference of about 200°C between the combustion and
decomposition temperatures, which may enable the self-sustained propagation of the
decomposition wave in the chemical oxygen generator.
An experimental setup for studies on decomposition/combustion of oxygengenerating compositions in canisters, i.e., under conditions close to those in industrial
generators, has been designed and tested. To further enhance design of the canister an
attention to the seals of the device must be met. For example, by enhancing the seal
between the flange and the cap, leakage and consequently loss of pressure can be avoided
for the flow to move in direction of the wave front.
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Studies such as scanning electron microscopy (SEM), X-ray diffraction (XRD),
and TGA can be utilized to obtain insight on the thermal characteristics of the burned
samples and therefore verify if the composition, in proportion and in grain size, fits the
needs to address a safer combustion for the result of producing oxygen through chemical
generation.
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Appendix
Table 3. Results of thermodynamic calculations for the tested samples, where the product
abounts are shown in moles per 1 mol NaClO3 of the initial mixture.
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Table 4. Results of thermodynamic calculations for the tested samples, where the product
abounts are shown in mass fractions.
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Table 5. CAD drawings of all the components for the experimental canister.
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